Cordierite (Mg 2 Al 4 Si 5 O 18 ) is a candidate for millimeter-wave dielectrics, and has two polymorphs due to ordering of Si and Al ions on Si/AlO 4 tetrahedra: disordered high symmetry form called as indialite and ordered low symmetry form cordierite. Indialite/cordierite glass ceramics exhibited much higher Q f value of 200,000 GHz than conventional solid state reaction ceramics of 40,000 GHz, which were fabricated by crystallization of glass pellet. The glass ceramics having indialite as a dominant phase showed high Q f. The crystal phases are analyzed by Rietveld method. In this paper, the ordering ratios of indialite and cordierite are estimated by the volumes and covalencies of Si/AlO 4 tetrahedra.
Introduction
Millimeter-wave wireless communications with high data transfer rate for non-compressed digital video transmission system and radar for Pre-Crash Safety System have been developed recently. These systems for millimeter-wave wireless communications require dielectric substrates with high quality factor (Qf ), low dielectric constant (¾ r ), and near zero temperature coefficient of resonance frequency (TCf ). 1) They also require other physical properties such as high thermal conductivity and low thermal expansion.
2) Millimeter-wave dielectrics are required to have high Qf because the utilizations at high frequency causes high dielectric losses, and also low dielectric constants for accuracy control of the fabrication. Since the substrates in a radar system are exposed to a wide range of temperature inside a narrow space between the front of the engine room and the radiator, the TCf of the substrates should be tuned to near-zero. Ceramics substrates are more superior than resin substrates, because of their high Qf, near-zero TCf, high thermal conductivity, and low thermal expansion. Silicates are suitable for millimeter-wave dielectrics because of their low dielectric constant, and the crystal structure consists of silicon tetrahedron SiO 4 with 50% covalency. Fig. 1(b) . On the other hand, indialite is of high symmetry form: hexagonal crystal system P6/mcc (No. 192), which has disordered Si 4 Al 2 O 18 equilateral hexagonal rings. 4) As presented in the previous papers, 3) the Qf values of Nidoped cordierite (Mg 2¹x Ni x Al 4 Si 5 O 18 ) ceramics were improved from 40,000 to 90,000 GHz.
3) The volumes and covalencies of the Si/AlO 4 tetrahedra in the Ni-doped samples remain at similar level of values regardless of increasing Ni concentration (x) as shown in Figs. 2(b) and 2(c), respectively. These phenomena reveal the disordering of Si and Al on the Si/AlO 4 tetrahedra, which tend to change its crystal structure from cordierite to indialite. The volumes and covalencies were calculated by the atomic coordinates of Ni-doped cordierite, obtained by X-ray crystal structure by Rietveld method.
In this paper, previous results of indialite/cordierite glass ceramics with superior high Q value 5) are reviewed, and Si/Al orderings are estimated based on the calculated volumes and the covalencies of Si/AlO 4 tetrahedra.
Experimental procedure
Powder materials with cordierite/indialite Mg 2 Al 4 Si 5 O 18 composition were prepared by using high purity raw materials: MgO, Al 2 O 3 and SiO 2 (>99.9 wt % purity). The powders were ballmilled and calcined for decarboxylation, and were melted at 1550°C and refined for removing small air seeds at 1600°C in Pt-crucible with 40 cc, and casted in graphite mold of º 10 © 30 mm. The glass rods were annealed for relieving the thermal stress at 760°C for 1 h under the glass transition temperature (Tg) of 780°C. The Tg was obtained by differential thermal analysis (DTA) as described later. Glass pellets with º 10 © 6 mm were cut and crystallized at 1200 to 1440°C for 10 and 20 h. The crystallized samples were polished to the thickness up to a half of the diameter, and took optical microscope photos, scanning electron microscope (SEM) image (FEI, Quanta 200 FEG), X-ray powder diffraction (XRPD, Rigaku, Rad-C model), and millimeter-wave dielectrics ¾ r , Qf and TCf by Hakki and Coleman method. 6), 7) The crystal structural analysis for the coordinates, the bond lengths and the crystalline phase ratios between indialite and cordierite was performed by Rietveld method (Fullprof software 8) ) using XRPD data which was taken by step scanning 0.02°for 10 s/step by monochromatized CuK¡ radiation generated by an X-ray tube 40 KV 20 mA. The original coordinates of indialite and cordierite were obtained from the ICSD ( 36248 9) ) and ICSD (30947 10) & 86344 11) ), respectively, and the site occupancies are adopted ideal ones.
Si/Al ordering ratio could not obtained directly from the structural analysis due to similar atomic scattering factors of Si and Al. The Si/Al ordering was estimated from the calculated volumes and covalencies of Si/AlO 4 tetrahedra derived from the atomic coordinates obtained Rietveld method. Covalencies of Si/AlO 4 tetrahedra were calculated based on the bond length by Broun et al. 12 ), 13) 3. Results and discussion
Preparation of glass ceramics
The glass rods shown in Fig. 3(a) having high strain [ Fig. 3(b) ] are stress-relieved as shown in Fig. 3(c) by the annealing at 760°C that is slightly below the Tg. The Tg was determined from the DTA curve as shown in Fig. 4 . Here, P1 and P2 peaks in DTA curve may be crystallization temperature of ¢-quartz solid solutions 14) (another name:¯-cordierite), and indialite, respectively, 15), 16) and P3 and P4 peaks are not clear. Figure 5 (a) shows the XRPD patterns from the surface of glass pellets crystallized various temperatures. The 2ª positions of the diffraction lines remained unchanged, and the intensities of diffraction peaks randomly changed on the all XRPD patterns. Figure 5(b) shows XRPD patterns of the same samples [ Fig. 5(a) ] after pulverizing into powder form, which patterns are identified as indialite/ cordierite. They show anisotropic crystal growth from glass surface as shown in Fig. 6 . This anisotropic growth brings in cracks as shown in Fig. 7(a) , because the thermal expansions of a-and c-axis are opposite signs as shown in Fig. 8. 17),18) Moreover, (a) (b) (c) deformation was occurred as shown in Fig. 7(b) , which deformation originated from the formation of glass phase as shown in Fig. 7(c) . The cracks could be avoided by slow cooling after sintering. And the deformations could be avoided by reducing the formation the glass phase by means of rapidly heating to the peak temperature P3 shown in Fig. 4 .
Millimeter-wave dielectric properties
Figures 9(a)9(c) show the amount of indialite (a) and millimeter-wave dielectric properties of the samples sintered at 1200 to 1440°C for 10 and 20 h [(b) and (c)], respectively. The amounts of indialite are 94.6 and 91.5% in the samples sintered at ca. 1200°C for 10 and 20 h, respectively. And the indialite decrease to 18.5 and 13.7% at ca. 1400°C for 10 and 20 h, respectively. The amounts of indialite and cordierite are obtained by Rietveld analysis. 8) The analyzed data are presented in Table 1 , which data is a re-analysed one based on the previous data. 5) Interestingly the amount of indialite decreases with the sintering temperature. Based on these results, we could temporarily conclude that the indialite phase with high symmetry is an intermediate phase. Generally crystals undergo a phase transition JCS-Japan to a high symmetry from a low symmetry as increasing temperature. However, in the samples, with increasing the crystallization temperature the phase transits to a low symmetry from a high symmetry phase. 19) The quality factors Qf (³200,000 GHz) of these indialite/ cordierite glass ceramics are superior compared to that of cordierite ceramics (³40,000 GHz) synthesized by solid state reaction as shown in Fig. 9 (c), which figures are suitable level for millimeter-wave dielectrics. However, the measured Qf values in these samples showed a wide scattering range, which are dependent on the sintering conditions in each sample. Most of the samples show cracks and deformation as shown in Figs. 7(a)  and 7(b) , respectively. The Qf values decrease as a function of crystallization temperature as shown in Figs. 9(b) and 9(c) . From the relationship between the Qf and the phase proportions as shown in Fig. 9(a) , we can conclude the indialite glass ceramics exhibit high quality factor than the cordierite ones. The dielectric constants and TCf values of all samples [see Figs. 9(b) and 9(c)] are about 4.6, and ¹26 ppm/°C, respectively.
Estimation of Si/Al ordering
The atomic coordinates of indialite and cordierite phases in the glass ceramics crystallized at 1200, 1300 and 1400°C for 10 h are shown in Tables 2(a) and 2(b), respectively. They are by using indialite and cordierite mixed models by Rietveld method. The weighted reliability factors R wp s for these samples are 2.94, 3.02 and 2.96% for indialite, 5.74, 3.69 and 3.32% for cordierite, which were crystallized at 1200, 1300 and 1400°C, respectively. We can infer the ordering ratio of Si and Al on the tetrahedra from the volumes and covalencies on Si/AlO 4 tetrahedra. The volumes and covalencies of Si/AlO 4 tetrahedra for indialite and cordierite phases formed at 1200, 1300 and 1400°C were calculated from the coordinates obtained by Rietveld analysis, and they are shown in Figs. 10(a) and 10(b) , respectively. There are two sites of tetrahedra in indialite: one is T(1) located among the rings, another is T(2) in the hexagonal ring as shown in Fig. 1(c) . And there are five sites of tetrahedra in cordierite: Al(1) and Si(1) locate among the hexagonal rings, and Al(2), Si (2) , and Si(3) locate inside the ring as shown in Fig. 1(b) . All the volumes of the tetrahedra at 1200°C converged to a range of 2.22.5 A 3 as shown in Fig. 10(a) , which indicates disordering of Si and Al ions. And T(1), Al(1) and Al(2) increase to around 2.6 A 3 at 1400°C. On the other hand, T(2), Si(1), Si (2) 
